Abstract-A 2-D precoding scheme is proposed for 3-D massive multipleinput multiple-output (MMIMO) systems for efficiently exploiting the 2-D antenna array of the base station. Specifically, by exploiting the Kronecker structure of the 3-D MIMO channel matrix, the transmit precoding operation is divided into elevation-domain precoding and azimuth-domain precoding. Explicitly, in contrast to the existing beamforming schemes, precoding is also performed in the vertical dimension. Consequently, the proposed scheme is capable of fully exploiting the extra degrees of freedom provided by the vertical dimension for avoiding the interuser interference to improve the attainable system performance. Compared to the conventional scheme relying on the equivalent 1-D precoding, the proposed 2-D precoding scheme offers an improved performance in severe intercell interference-contaminated environments, despite its lower complexity.
than the ULA due to their low resolution in the elevation domain [5] , and thus, either vertical beamforming or transmit precoding (TPC) has to be invoked for improving the performance of 3-D MIMO systems [7] [8] [9] .
A pair of existing approaches, which beneficially exploit the extra degrees of freedom introduced by the 2-D antenna array, are constituted by beamforming and multiplexing. The first approach relies on performing beamforming in the elevation domain and then invokes TPC in the equivalent azimuth domain [7] , [8] . The Kronecker structure of the 3-D MIMO channel matrix is exploited and based on the approximated elevation-domain steering vector, eigenbeamforming is invoked by relying on the eigenvector corresponding to the largest eigenvalue of the elevation-domain channel's correlation matrix as the beamforming vector. As the number of antennas in the elevation domain tends to infinity, the beam becomes sufficiently narrow for the interuser interference to be mitigated [9] , [10] , but it still cannot be completely eliminated, which degrades the overall performance.
The second approach adopts the conventional TPC algorithm [2] , [3] based on the vectorial form of the 3-D MMIMO channel matrix, where the structure of 3-D MIMO channel is not exploited. This full TPC approach suffers from the drawback of a potentially excessive complexity imposed by the TPC matrix computation. Furthermore, this full TPC algorithm is only optimal for an unrealistic single-cell scenario, i.e., in the absence of intercell interference. By contrast, in hostile intercell interference-infested environments, its performance may actually be worse than that of the beamforming scheme, as will be shown in our simulation study.
Against this backdrop, in this correspondence, we propose a 2-D TPC scheme for 3-D MMIMOs for eliminating the interuser interference. In contrast to both the conventional beamforming scheme of [7] , as well as to the multilayer precoding algorithm of [8] and to the existing full TPC scheme of [2] and [3] , our arrangement performs precoding in both the elevation and azimuth domains based on the Kronecker structure of the 3-D MIMO channel matrix. Specifically, the extra degrees of freedom introduced by the elevation-oriented antennas are fully exploited for distinguishing the different users roaming in the cell illuminated. As a result, the interuser interference can be completely eliminated by a finite number of elevation-domain antennas. Hence, the overall system performance is significantly improved in comparison to the conventional beamforming scheme. Compared to the conventional full precoding scheme, the proposed 2-D precoding scheme is capable of significantly outperforming the former in hostile intercell interference-contaminated environments, despite its complexity. We emphasize that indeed, the Kronecker structure of the 3-D MIMO channel matrix has been exploited for conceiving efficient channel state information feedback schemes [11] [12] [13] . However, to the best of our knowledge, we are the first to propose this 2-D TPC scheme, which efficiently exploits the Kronecker structure of the 3-D MMIMO channel matrix to perform TPC both in the elevation and azimuth domains.
This correspondence is organized as follows. Section II discusses the downlink system model and the Kronecker structure of the 3-D MIMO channel matrix. Section III presents the proposed 2-D TPC scheme conceived for 3-D MMIMOs, including the detailed mathematical analysis of its efficiency. Our simulation results are provided in Section IV for demonstrating the superior performance of this 2-D precoding scheme over the existing beamforming and full TPC approaches. Our concluding remarks are offered in Section V. 
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by the K users can be expressed as
where
is the additive white Gaussian noise (AWGN) vector experienced in the downlink, and
is the downlink channel matrix between the BS and the K users, while
×K is the precoding matrix associated, with w vec,k ∈ C (M x M y )×1 being the TPC vector for the kth user. Hence, the received signal of the kth user is given by
The second term on the right-hand side of (2) represents the interuser interference, also known as intracell interference, and W vec is designed to eliminate this interference or to make it negligibly small. Note that in a multicell environment, there will also be an intercell interference component in r k , and it becomes vital to ensure that the matrix W vec reduces this intercell interference. We consider the following narrow-band multipath channel model [14] 
where P is the number of paths, and H p k ∈ C M y ×M x is the channel matrix of the pth path. The element at the lth row and mth column of H p k is given by [11] 
where λ denotes the wavelength, θ 
in which ⊗ denotes the Kronecker product operator
are the azimuth-and elevation-domain steering vectors, respectively. The overall channel matrix can then be written as
Under the assumption that the angular spread of E-AOA is small, which is reasonable since compared to the height of the BS, the distance between the BS and the user is high, we have h p e ,k ≈ h e ,k for 1 ≤ p ≤ P , with h e ,k being the approximated elevation-domain steering vector. Thus, H k can be approximated by
The existing beamforming scheme [7] is based on the approximated elevation steering vector h e ,k . This scheme first performs eigenbeamforming in the elevation domain and then performs TPC in the azimuth domain by exploiting the equivalent azimuth-domain steering vector obtained by eigenbeamforming. Let R e = E h e ,k h H e ,k be the correlation matrix in the elevation domain, which is subjected to eigendecomposition. The eigenvector corresponding to the largest eigenvalue of R e is chosen as the beamforming vector. In fact, this approximation may not completely conform to some communication scenarios according to 3-D channel measurements results, which leads to some performance loss [15] .
On the other hand, the conventional full TPC scheme [2] , [3] directly calculates the precoding matrix based on the channel matrix H k or its vectorial form of h vec,k and does not exploit the Kronecker structure of the channel matrix (8) . As a result, the computational complexity of this conventional full TPC scheme is high, on the order of M x M y , which is denoted as O M x M y . This full TPC scheme is known to be efficient in terms of combating the interuser interference, and it is optimal in the single-cell environment. However, in a multicell scenario subjected to strong intercell interference, the achievable performance of this full TPC scheme may actually be worse than that of the conventional beamforming scheme, as will be shown later in our simulation study.
III. TWO-DIMENSIONAL PRECODING SCHEME
This section details our proposed 2-D precoding scheme conceived for 3-D MMIMOs, which is capable of eliminating the interuser interference, while maintaining a significantly lower computational complexity than the existing full precoding scheme.
A. Proposed Scheme
The idea is to perform elevation-and azimuth-domain TPC separately by exploiting the Kronecker structure of the approximate channel matrix (9) . First, the approximated elevation-domain channel vector h e ,k is obtained from the estimation of the coefficients between the kth user and any column of the 2-D antenna array. Then, we calculate the elevation-domain precoding vector based on h e ,k . For the generic Calculate the overall precoding matrix W k for the k th user using Kronecker product multiuser scenario, the elevation-domain channel matrix is constructed as
When the zero-forcing (ZF) precoding algorithm is used, the elevation-domain TPC matrix is calculated as (11) where Γ e = diag{γ e ,1 , γ e ,2 , . . . , γ e ,K } ∈ C K ×K is a diagonal matrix for the normalization of the precoding matrix, and W e = w e ,1 w e ,2 · · · w e ,K , with w e ,k ∈ C M y ×1 being the TPC vector of the kth user.
Then, the equivalent azimuth-domain channel vector is obtained based on H k and w e ,k . Specifically, the equivalent azimuth-domain channel vector h eq a ,k ∈ C M x ×1 of the kth user is given by
Next, the azimuth-domain TPC vector is calculated based on h eq a ,k . Applying the ZF TPC algorithm to the equivalent azimuth-domain channel matrix
yields the azimuth-domain TPC matrix (14) where Γ a = diag{γ a ,1 , γ a ,2 , . . . , γ a ,K } ∈ C K ×K is a diagonal matrix for the normalization of the precoding matrix, and W a = w a ,1 w a ,2 · · · w a ,K , with w a ,k ∈ C M x ×1 being the azimuth precoding vector for the kth user.
Finally, the overall TPC matrix of the kth user is constructed as (15), the received signal r k of the kth user will not be contaminated by the other users in the same cell, and our 2-D TPC algorithm has a low complexity. We justify the efficiency of our proposal and its low complexity in the next two subsections.
B. Interuser Interference Reduction
We prove that based on the TPC matrix W k (15) , the interuser interference imposed on the received signal r k can be eliminated in the single-cell scenario when encountering the ideal MIMO channel of (9) Furthermore, let us define the operator ⊕ as the "inner product" of two matrices according to
Let w m a ,k be the mth term of the azimuth TPC vector w a ,k . Bearing in mind H k of (9) and W k of (15), we have
Then, substituting H k of (9) into (12) yields
Hence,
One the other hand, h
Therefore, the desired signal term in (2) is γ a ,k x k , and the interuser interference term becomes zero. Thus, the proposed scheme completely eliminates the interuser interference, despite having only a limited number of antennas in the elevation domain.
C. Complexity Analysis
Compared to the conventional multiplexing scheme [2] , [3] , which carries out full TPC based on the channel matrix H k or its vectorial form h vec,k directly, our 2-D TPC scheme has a significantly lower complexity. Specifically, it replaces the M = M x M y -dimensional matrix operations by M x -dimensional and M y -dimensional matrix operations by exploiting the Kronecker structure of the channel matrix. It is widely recognized that given a certain number of users K, the computational complexity of the TPC is dominated by the matrix multiplication, which is proportional to the matrix dimension involved. As a direct consequence of exploiting the Kronecker structure of the channel matrix, the O M x M y complexity required by the conventional full TPC scheme is reduced to O M x + M y in our 2-D TPC scheme, which is significant, especially for massive MIMO schemes. Fig. 1 . CDF comparison of downlink average spectral efficiency for the proposed scheme and conventional beamforming scheme in Case 1. 8 × 8 and 16 × 16 URA are adopted. Fig. 2 . Comparison of downlink average spectral efficiency for the proposed scheme, conventional beamforming scheme, and full-precoding in Case 2. 8 × 8 URA is adopted.
D. Multicell Scenario
i.e., M x = M y = √ M . We consider downlink data transmission, and the proposed 2-D TPC scheme is compared both to the existing conventional beamforming scheme [7] , [8] and to the conventional full TPC scheme [2] , [3] .
1) Case 1:
The cumulative distribution function (CDF) of the downlink average spectral efficiency evaluated in the absence of noise is shown in Fig. 1 . The full-precoding algorithm is not included here because of its infinite spectral efficiency in the idealized noise-free scenario. Observe in Fig. 1 that the 2-D TPC scheme substantially outperforms the conventional beamforming scheme. As the number of antennas per dimension increases, the spectral efficiency of our 2-D precoding scheme improves more significantly since the TPC of the elevation domain becomes more accurate.
2) Case 2:
In this context, the average downlink spectral efficiency achieved at different signal-to-noise ratios (SNRs) (in dB) is presented. Naturally, the full-precoding performs best in the single-cell scenario, since it substantially reduced the interuser interference, albeit at a high implementation complexity. The other two schemes exploited the Kronecker product structure of the 3- D channel matrix, where a somewhat higher interuser interference persisted.
The derivation of our proposed 2-D TPC scheme relies on the approximation of all the elevation-domain channel vectors h p e ,k , 1≤ p ≤ P by the same approximated elevation-domain channel vector h e ,k . The smaller the angular spread δ β of E-AOA, the more accurate this approximation becomes. When we have δ β = 0, the approximation becomes the exact solution. Observe in Fig. 2 that compared to the case of δ β = 2.5
• , our proposal performs much better with δ β = 0 • , which approaches the performance of the full-precoding aided scheme.
3) Case 3:
Observe from Fig. 3 that as the number of users increases, the average downlink spectral efficiency reduces for all the schemes due to the higher interuser interference. Meanwhile, although the performance gap between the proposed 2-D TPC algorithm and the conventional beamforming decreases with large number of users, the proposed 2-D TPC algorithm still outperforms conventional beamforming scheme-regardless of the number of users-owing to its superiority in reducing the interuser interference. Fig. 4 shows our performance comparison of the three algorithms under different angular spreads in the elevation Fig. 5 . CDF comparison of downlink average spectral efficiency for the proposed scheme, conventional beamforming scheme, and full-precoding in a multicell scenario. 8 × 8 URA is adopted.
4) Case 4:
domain. As δ β increases from 0
• to 2.5
• , the performance of the 2-D TPC rapidly erodes due to the inaccuracy of the channel approximation in the elevation domain, which has been characterized in cases 2 and 3. However, the conventional beamforming scheme is insensitive to δ β , while the performance of the full-precoding scheme is independent of δ β . In most scenarios, δ β is small enough to ensure a high performance for our proposal [15] .
B. Multicell Simulation
The noise-free multicell scenario is characterized in this subsection to demonstrate the superiority of our 2-D TPC in reducing the intercell interference. L = 7 cells are considered, and the other parameters are the same as in the single-cell scenario. Fig. 5 compares the downlink spectral efficiency achieved by the proposed scheme to those of the conventional beamforming scheme and of the full TPC scheme, where it can be seen that our 2-D TPC scheme substantially outperforms the existing beamforming scheme. Furthermore, it can be observed from Fig. 5 that the performance of the existing full TPC scheme is actually worse than that of the existing beamforming scheme in this hostile intercell interference environment. Thus, our proposed 2-D precoding scheme not only dramatically outperforms the conventional full TPC scheme but has a much lower computational complexity as well.
V. CONCLUSION
A novel 2-D TPC scheme has been proposed for 3-D massive MIMO, which performs elevation-domain precoding and azimuth-domain precoding separately by exploiting the Kronecker structure of the 3-D MIMO channel. Unlike the conventional beamforming scheme, which fails to completely eliminate the intracell or interuser interference with the aid of a finite number of antennasin the elevation domain, our proposed scheme fully exploits the degrees of freedom introduced by the elevation-domain antennas for eliminating the interuser interference. Compared to the existing full TPC scheme, which does not exploit the Kronecker structure of the 3-D MIMO channel, our 2-D TPC scheme offers a much lower complexity. Our simulation results have verified the superior performance of our proposed scheme over the existing beamforming and full precoding schemes in severe intercell interference environments.
